ABSTRACT: Descriptive information regarding the peripheral blood of normal whale sharks Rhincodon typus Smith 1828 is presented based on samples collected from 2 healthy female specimens held in an aquarium collection. Erythrocyte morphology was similar to other orectolobiforms and major leukocyte types were similar to other non-carcharhinid sharks. The numerically dominant population was the lymphocyte (46%), followed by the fine eosinophilic granulocyte or heterophil (39.5%). The remaining 15% of white blood cells were divided among coarse eosinophilic granulocytes or eosinophils, simple neutrophils, monocytes similar to those of most elasmobranchs and a rare basophilic stippled granulocyte or basophil. Thrombocytes were similar to those of other shark species; no granulated thrombocytes were observed in this species. Blood gas data and serum chemistry values are also presented. For comparison, 22 blood samples collected from 2 moribund male specimens showed that the heterophil/lymphocyte ratio may be a potentially useful biomarker of whale shark health. A pattern of marked heterophilia in these animals became more pronounced as their clinical condition deteriorated. These data represent the first exploration of the internal biology of the world's largest fish. 
INTRODUCTION
Whale sharks are circum-tropical and -subtropical planktivorous sharks that grow to lengths of up to 20 m and weights in excess of 30 000 kg (Chen et al. 1999 ), making them not only the largest elasmobranch but the largest fish of any kind. Despite their enormous size and global distribution, the biology of whale sharks remains largely unknown (Colman 1997 , Stevens 2007 . Most studies to date have focused on population estimates or characterization in geographically restricted areas. More recent research has attempted to explore the feeding biology, population dynamics and migratory behaviour (Graham et al. 2006 , Graham & Roberts 2007 , Martin 2007 , Rowat et al. 2007 . No studies have been published on health and homeostasis in this species.
Blood is the fundamental body fluid and the composition of both its cellular and humoral components is informative in evaluating the health of animals. Elasmobranchs are no exception; a growing number of studies have explored health and homeostasis of sharks and rays based on blood cells (e.g. Arnold 2005 , Old & Huveneers 2006 and serum or plasma analytes (e.g. Seibel & Walsh 2002 , Anderson et al. 2007 , De Boeck et al. 2007 ). However, there are no published reports describing blood collection from wild or captive specimens of whale sharks prior to the present study and, consequently, no studies have explored haematology or blood chemistry in this species.
The maintenance of several whale sharks in a large (24 million l) exhibit system at the Georgia Aquarium has provided an opportunity to redress the dearth of information about the basic biology of this species. The present study provides preliminary data concerning the haematology and clinical chemistry of this unique elasmobranch, with a view to improved husbandry practices and understanding of homeostasis in the world's largest fish.
MATERIALS AND METHODS
Blood collection. Blood was obtained from 2 healthy, subadult female whale sharks approximately 7 m in length, both of which were sampled on 2 occasions. The animals were corralled for physical examinations by using SCUBA divers to guide them into a vinyl stretcher suspended directly in the exhibit aquarium. The stretcher was then raised slightly using a motorized gantry, such that the animal was constrained by the stretcher but the gills of the shark were never out of the water. During restraint, which lasted 20 to 40 min, water was pumped directly into the mouth cavity via a soft silicone bit piece, using exhibit water supplied by a jacuzzi pump. This water was supplemented with compressed medical oxygen via a venturi injector, such that levels in the water within the stretcher remained at approximately 110 to 125% saturation; this slightly elevated oxygen level has a sedative effect.
On both occasions, blood was drawn from 2 sites on the body of each shark: the dorsal posterior cardinal vein, with associated sinus (a superficial vessel at the posterior aspect of the base of the second dorsal fin, see Rasmussen & Murru 1992) , and the caudal vein/artery via the ventral pre-caudal pit. Venipuncture instruments differed between occasions, but in general a 1 inch, 18 gauge needle was used for the dorsal postcardinal vein and a 3.5 inch, 18 gauge needle was used for the caudal vein. In all cases, needles were connected to a 20 ml syringe with a 6 or 15 inch extension set.
Due to the substantial logistic challenge of sample collection on such large animals and the absence of reliable, tested field restraint methods, it was not possible to gather robust population averages for haematology or blood chemistry values, nor lengthy longitudinal series of samples from the same healthy individuals. We are not able, therefore, to present true reference ranges for haematological parameters in healthy whale sharks. Rather, these numbers gleaned from captive animals should be interpreted as a guide of what might be expected in this species.
Longitudinal series of samples were collected from 2 male whale sharks that stopped eating in September 2006. These animals had n = 6 and n = 16 samples taken, and died in January and June of 2007, respectively. Samples from the abnormal males were collected using the same methods applied to the healthy females.
Haematology. Initially, differential smears were made using blood collected with dry EDTA anticoagulant or without anticoagulant. After some experimentation with EDTA, heparin and other anticoagulants, buffered 3.8% sodium citrate proved to be a more effective anticoagulant that produced more consistent smears with fewer erythrocyte artifacts and fewer microclots. While this anticoagulant was liquid and could therefore slightly dilute white blood cell (WBC) counts made using a haemacytometer, the volume of diluent was insignificant and it produced better results with fewer micro-clots than other anticoagulants, so it was used for the differential images and measurements presented herein. Commercial buffered sodium citrate anticoagulant has a lower osmolality than shark blood, but no cell lysis was observed as a result of this, probably because the tiny volume of anticoagulant was overwhelmed by the larger volume of more concentrated blood. Blood smears were made using standard slide-draw methods. Smears were stained using the Protocol ® rapid staining method, which stains nuclei purple and typical cytoplasm a pale pink.
Measurements included haematocrit by centrifugation (packed cell volume), plasma protein concentration by refractometer and total WBC count. The WBC count was determined using a modified version of the Natt-Herrick method, wherein the stock solution was supplemented with 0.1 g sodium chloride and 0.3 g urea per 10 ml, to match the osmolality of elasmobranch blood (Arnold, 2005) . Sodium citrate whole blood was diluted 1:100 with the modified NattHerrick solution, and mixed for a minimum of 20 min to allow uptake of the stain by the WBCs. This mixture was then loaded into in an improved Neubauer haemacytometer and all cells counted.
Clinical chemistry. Data on blood gas concentrations and acid -base balance were gathered immediately after blood draw using whole blood without anticoagulants on a Heska iStat analyzer (Heska), using the CG4+ and/or CG8+ cartridges. Between them, these 2 cartridges measure TCO 2 , pCO 2 , pO 2 , sO 2 , pH, lactate, glucose, HCO 3 , base excess, Na, K and ionized Ca. Serum electrolytes were measured using an Idexx VetLyte electrolyte analyzer (Idexx Laboratories) after 1:2 dilution in distilled water to reduce the sodium and chloride concentrations into the reading range of the instrument. Clinical chemistry parameters were obtained from serum using an Abaxis VetScan2 clinical chemistry analyzer using the Comprehensive Diagnostic Profile and Avian-Reptilian Profile Plus, according to the manufacturer's instructions (Abaxis). Clinical chemistry values are based on 4 samples from one female and 3 samples from the other female shark.
RESULTS

Haematology
A total of 8 cell types were observed in the mixed venous/arterial blood we collected (in order of decreasing proportion): erythrocyte, thrombocyte, lymphocyte, heterophil (fine eosinophilic granulocyte), eosinophil (coarse eosinophilic granulocyte), monocyte, neutrophil and basophil (basophilic stippled granulocyte). Morphometric characteristics of these cells are presented in Table 1 and illustrated in Fig. 1 . Normal haematological parameters of Rhincodon typus are summarised in Table 2 .
Erythrocytes were typical of elasmobranchs (Fig. 1 ); cells were oval with a central oval to slightly elongated nucleus. A small amount of anisocytosis and anisokaryosis was observed, as is typical for many lower vertebrates. Young erythrocytes were also observed regularly; these were rounder, more basophilic cells with larger rounder nuclei containing apparently lesscondensed chromatin.
The most common WBC in healthy whale sharks was the lymphocyte. These were roughly similar to those of other fishes in being a small cell with a very high nucleus/cytoplasm ratio and distinctly basophilic cytoplasm. As with many animals, the lymphocytes of Rhincodon typus were quite variable, appearing most often as a small spherical cell with a densely basophilic nucleus and a crescent of bluish cytoplasm at one pole, but also as both a larger cell with more cytoplasm, similar to the mammalian plasma cell, and as a more active-looking cell with distinct surface blebs.
The next most abundant cell resembles the heterophil of Campbell & Ellis (2007) ; this cell is equivalent to the fine eosinophilic granulocyte of Arnold (2005) . Heterophils were of similar overall size to erythrocytes, but round rather than elliptical. The cytoplasm varied from neutral to distinctly basophilic and was replete with indistinct, irregular, slightly eosinophilic granules. The nucleus varied clinally from spherical to deeply segmented. Ostensibly similar, the eosinophil or coarse eosinophilic granulocyte (Arnold 2005) was the next most common cell and differed from the heterophil in having large and distinct cigar-shaped granules that were prominently and vividly eosinophilic.
The remaining 3 cell types made up less than 10% of WBCs. The monocytes were similar to those of other elasmobranchs, appearing as larger cells with abundant frothy cytoplasm and an oblong nucleus, often with an indentation on the inner aspect, lending it a kidney bean appearance. The basophil or basophilic stippled granulocyte was uncommon but quite distinctive. This cell had neutral cytoplasm and sparse, irregular, but distinctly basophilic granules. The neutrophil was the least common cell type; these were large, distinctly round cells with a compact nucleus and abundant neutral to slightly eosinophilic cytoplasm that was largely devoid of granular material; those granules that were present appeared neutral to slightly basophilic.
The thrombocytes were similar to those of other elasmobranchs and fishes. No granulated thrombocytes were observed. 
Clinical chemistry
The results of clinical chemistry analyses are summarised in Table 3 .
Abnormal values
Results above refer to healthy female whale sharks. We also analysed 2 time series of samples from 2 male whale sharks that were inappetant for 6 and 9 mo before dying in January and June of 2007, respectively. Both animals displayed an elevated WBC count throughout their progression (Fig. 2) , and the ratio of heterophils to lymphocytes varied in a manner consistent with observed changes in overall health (Fig. 3) . Fig. 4 shows that this variation stemmed from increases in the absolute numbers of heterophils more so (but not entirely) than from decreases in the number of circulating lymphocytes. Table 4 presents a comparison of haematological and clinical chemistry data from different venipuncture sites on the whale shark. Haematocrit differed by half between the 2 sites and there were also differences in plasma protein, total WBC count and lactate concentration.
Effects of venipuncture site
DISCUSSION
The present study presents for the first time information on the internal biology of the world's largest fish. In general, the values observed for haematology and blood chemistry in the 2 healthy female animals were similar to those of other elasmobranchs, with some notable exceptions. Creatine kinase, for example, is often very high in elasmobranchs relative to mammals, but was quite low in Rhincodon typus (see Table 3 ).
Haemocyte morphology of whale sharks was approximately similar to that of other orectolobiform sharks we have examined, such as wobbegongs Orectolobus spp., and also similar to published descriptions of wobbegong blood (Old & Huveneers 2006) , but somewhat dif- (Walsh & Luer 2004 , Campbell & Ellis 2007 . The 2 most prominent cells, the lymphocyte and heterophil, are both found in other species and occur in whale sharks in similar proportions. Whale sharks are somewhat unusual relative to some other lower vertebrates in that they possess both heterophils and neutrophils, but this is far from a rigid rule. Granulated thrombocytes were not observed in whale shark blood smears, whereas these cells have been described in the carcharhinid sandbar shark Carcharhinus plumbeus (Arnold 2005 ) and we have observed them in several other elasmobranch species, including several sting ray species (authors' unpubl. data). Stokes & Firkin (1971) have observed phagocytic activity in elasmobranch thrombocytes, but Pica et al. (1990) suggested a function similar to that of platelets in mammals, based on the presence of platelet factors and a surface canalicular system. Thrombocyte microclots were seen in some smears made using EDTA anticoagulant, so we are inclined to agree with Pica et al. (1990) , though an additional phagocytic role cannot be excluded. Thrombocytes were not seen to take up NattHerrick stain in the present study and so were not included in the WBC count or the differential.
The serum chemistry of whale sharks provided interesting contrast with that of other elasmobranchs. The creatine kinase level was substantially lower than we have seen with other species, where normal resting values in excess of 1200 mg dl -1 are not uncommon (A. Dove pers. obs.). We did not detect albumins in whale shark blood using VetScan rotors, and we have not detected albumins in any other elasmobranch species we have examined (n = 11 species); this observation is consistent with the findings of Metcalf & Gemmell (2005) .
Perhaps the most interesting contrast was that between the 2 venipuncture sites: caudal vessels and second dorsal fin sinus (Table 4 ). There was a pronounced difference in several parameters, both haematological and chemical. Haematocrit is typically less than half the value at the second dorsal sinus when compared to Table 3 . Rhincodon typus. Average blood chemistry and blood gas values (4 and 3 readings, respectively) from 2 female whale sharks, taken from the caudal vessel (mean ± SD; n = 7). nd: not detected the caudal vessels. Lactate concentrations at the second dorsal sinus were a tenth of the concentration recovered from the caudal vessels. This result may have been affected by the sequence in which the 2 sites were sampled, such that lactate had time to accumulate in the blood before the caudal vessel was sampled. Glucose values were similar between the samples, however, which provides no evidence of a stress hyperglycaemic response and tends to counteract the notion that differences in lactate relate to cumulative physiological stress from the exam. The marked differences in haematological and chemical values from the second dorsal sinus suggest that this site yields a mixed fluid rather than a homogenous blood sample. While the secondary circulatory system of whale sharks has not been described, it is clear that elasmobranchs do possess a lymphatic system, so it seems most likely that the second dorsal sinus is part of that system. This should be considered when sampling whale shark blood from this site.
The comparison of values from the 2 healthy females against 2 terminally inappetant males revealed that the males developed a leukocytosis with marked absolute heterophilia as their health deteriorated (see Figs. 2 & 3) . The heterophil/lymphocyte ratio may therefore be a useful index of health in whale sharks. The female whale sharks both had positive ratios wherein lymphocyte numbers exceeded heterophils in both proportion and absolute number; we have since established that this pattern holds for healthy males as well. The inppetant males both had negative ratios throughout their progression, frequently with 2 or more heterophils for every lymphocyte and progressing to profoundly negative ratios of -10 to -12 just prior to death. A similar reversal pattern in birds (see Gross & Seigel 1983) has led to the use of the heterophil/ lymphocyte ratio as a stress indicator. Unfortunately, our result is confounded by the differing gender of the healthy and unhealthy animals, but the pattern seems worth further investigation. The present study has made preliminary inroads into the exploration of the internal biology of the whale shark, but there is a tremendous amount that is still not understood about this and many other elasmobranch species. Future studies should focus on confirming the functional roles of different cell types and understanding the significance of different chemical or enzymatic indices in plasma and/or serum. Research should also seek out novel analytes that may be unique to, or especially useful for, elasmobranchs. Armed with this knowledge, we will be better able to identify good biomarkers of health in the blood of captive sharks and rays, which will improve elasmobranch husbandry and medicine and also improve our capacity to understand, monitor and explore elasmobranch health in natural settings. 
